Background and Objective Tolvaptan, an oral vasopressin V2 receptor antagonist, has been widely used for the treatment of patients with cirrhosis and ascites. However, its efficacy in patients with renal dysfunction remains unknown. The objective of this study was to investigate the efficacy and safety of tolvaptan in patients with decompensated cirrhosis and severe chronic kidney disease (s-CKD). Methods We studied 43 patients with liver cirrhosis who received tolvaptan (7.5 mg/day) for refractory ascites. s-CKD was defined as an estimated glomerular filtration rate (eGFR) < 45 mL/min/1.73 m 2 . Response to tolvaptan was defined as weight loss ≥ 1.5 kg in 7 days of treatment. Results Eighteen patients (42%) had s-CKD (s-CKD group), while the other 25 patients (58%) did not have s-CKD (n-CKD group). Rates of response to tolvaptan were similar: 68% in the n-CKD group and 56% in the s-CKD group. Urine volumes increased significantly from baseline to day 7 in both groups. Incidences of adverse events were also similar (P = 0.93). Mean eGFR did not decline even in the s-CKD group (27.3 ± 2.2 mL/min/1.73 m 2 at baseline vs. 26.6 ± 2.3 mL/min/1.73 m 2 on day 7; P = 0.9). The cumulative survival rate did not differ significantly between the n-CKD and s-CKD groups. In the s-CKD group, responders obtained a better prognosis than non-responders. Conclusions Tolvaptan significantly increased urine volumes similarly in patients with s-CKD and n-CKD without affecting renal function. As responders achieved a better prognosis, tolvaptan could be a good option to treat ascites in patients with cirrhosis and s-CKD.
Introduction
Hepatic factors, renal factors, and systemic circulatory dynamics are involved in the progression of ascites in patients with liver cirrhosis. In liver cirrhosis, peripheral vasodilation and arteriovenous anastomosis in various organs occur via increased nitric oxide production, resulting Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4026 1-018-0714-5) contains supplementary material, which is available to authorized users. in a hyperdynamic state. In addition, as fluids leak into the third space due to hypoalbuminemia, the effective circulatory volume and renal blood flow decrease, leading to activation of the renin-angiotensin-aldosterone system (RAAS). The activated RAAS enhances reabsorption of sodium and water in proximal renal tubules, which further deteriorates water retention. The decrease in renal blood flow also promotes secretion of arginine vasopressin (AVP), which controls free water clearance and enhances reabsorption of free water in renal collecting ducts. Consequently, ascites occurs [1, 2] . Diuretics such as furosemide cause renal dysfunction by decreasing renal blood flow and further activating the RAAS [3] . Progression of renal dysfunction in patients with liver cirrhosis is associated with increased mortality [4] .
In Japan, tolvaptan, an oral vasopressin V2 receptor antagonist that reduces water reabsorption in renal collecting ducts, was approved in September 2013 for the treatment of patients with cirrhosis and refractory ascites [5] . The 2015 Japanese "Evidence-based Clinical Practice Guidelines for Liver Cirrhosis 2015" recommends the use of tolvaptan for the treatment of ascites (evidence level A) [6] . Unlike furosemide, the action of tolvaptan is not influenced by serum albumin levels [7] . Tolvaptan does not activate RAAS and increases urine volume without affecting renal blood flow [8] . In addition, it does not reduce the estimated glomerular filtration rate (eGFR) in patients with heart failure and severe renal impairment [9] . However, as cases with a serum creatinine (SCr) level > 2.0 mg/dL were excluded in the Japanese phase III placebo-controlled study for patients with cirrhosis and ascites [5] , the effectiveness of tolvaptan in those with decompensated liver cirrhosis and severe chronic kidney disease (s-CKD) remains unknown.
Therefore, in this study, we investigated the efficacy and safety of tolvaptan in the treatment of patients with cirrhosis and s-CKD and also analyzed the factors associated with response to the drug.
Methods

Study Design and Patient Population
We retrospectively studied 43 consecutive patients with liver cirrhosis who received tolvaptan (7.5 mg/day) for refractory ascites between September 2013 and March 2015 at Tokai University Hospital. We enrolled patients whose ascites had been poorly controlled even with furosemide (≥ 20 mg/day) and spironolactone (≥ 25 mg/day). Patients with spontaneous bacterial peritonitis or hepatic encephalopathy (coma scale score ≥ II) and those who had received intravenous albumin within 7 days prior to tolvaptan administration were excluded from the study. Hepatocellular carcinoma (HCC) was classified by TNM (tumor, node, metastasis) staging according to the staging system of the Liver Cancer Study Group of Japan [10] , and was treated based on the treatment guideline from this group [11] . Tolvaptan treatment was initiated at a dose of 7.5 mg/day upon hospitalization. Patients continued to take the same doses of furosemide and spironolactone during tolvaptan therapy. This study was approved by the Institutional Review Board for Clinical Research at Tokai University (no. 16R-242) and was conducted in accordance with the Helsinki Declaration.
Evaluation of Treatment Response and Renal Function
After oral administration of tolvaptan, the amount of fluid intake, urine volume and body weight were measured each day. Laboratory and urinary analyses were performed on days 1, 4, and 7. Urinary osmolality was also measured 4 h after the initial tolvaptan administration.
Response to tolvaptan was defined as weight loss ≥ 1.5 kg on day 7 from baseline [12] . Renal function was evaluated based on eGFR [13] , and classification of CKD was according to Kidney Disease Improving Global Outcome (KDIGO) criteria [14] . s-CKD was defined as eGFR < 45 mL/ min/1.73 m 2 (CKD stages G3b, G4, and G5), while non-s-CKD (n-CKD) was defined as CKD stages G1, G2, and G3a. We also evaluated renal function using criteria proposed by the Acute Dialysis Quality Initiative and the International Ascites Club (IAC) Working Group (ADQI-IAC criteria) [15] , which is often used for cirrhotic patients. CKD based on ADQI-IAC criteria was defined as a glomerular filtration rate of < 60 mL/min for > 3 months calculated using the Modification of Diet in Renal Disease formula. Acute kidney injury (AKI) was defined as an increase in SCr level ≥ 0.3 mg/dL or ≥ 50% from baseline in < 48 h. Patients with hepatorenal syndrome (HRS) were diagnosed according to the IAC guidelines [16] . Changes in body weight, urine volume, and eGFR were compared between patients with and without CKD.
Follow-Up and Assessment of Safety and Prognosis
After discharge from the hospital, patients were required to visit the outpatient clinic every 1 or 2 months, and body weight, clinical symptoms, and laboratory data were recorded. Adverse events were also recorded on each visit. The severity of adverse events was assessed according to Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Patients were followed up until death or 31 January 2018.
Statistical Analysis
Continuous and categorical variables were compared between patients with s-CKD and n-CKD using the Mann-Whitney U test and chi-square test, respectively. Changes in body weight, urine volume, and eGFR in each group were compared using the paired t test with Bonferroni correction. Uni-and multivariate logistic regression analyses were performed to identify the factors associated with response to tolvaptan, and a receiver operating characteristic (ROC) curve was created to obtain the best cutoff value of these factors. The log-rank test using the Kaplan-Meier method was adopted to compare cumulative survival rates.
All analyses were performed using SPSS ® version 24 (SPSS Japan, Tokyo, Japan), and P values < 0.05 were considered statistically significant.
Results
Clinical Characteristics
Clinical characteristics of the 43 patients are shown in Table 1 . There were 27 men (62.8%) and 16 women (37.2%) with a median age of 68 years (range 39-84 years). Median doses of furosemide and spironolactone before tolvaptan therapy were 40 mg (range 20-120 mg) and 50 mg (range 25-100 mg), respectively. Hepatitis C virus was the most common etiology of liver cirrhosis, and nine patients (20.9%) had HCC (five patients with stage III and four patients with stage IV). Of the 43 patients, 25 (58%; G1, three; G2, seven; G3a, 15) and 18 (42%; G3b, nine; G4, seven; G5, two) were categorized to the n-CKD and s-CKD groups, respectively. The proportions of patients with HCC and Child-Pugh C were similar between the n-CKD and s-CKD groups: 16.0% and 56.0% in the n-CKD group versus 27.8% and 50.0% in the s-CKD group, respectively. There were more patients with type 2 diabetes mellitus in the s-CKD than n-CKD groups: 12.0% in the n-CKD group and 50.0% in the s-CKD group (P = 0.007). Proteinuria in the spot urine test was detected more often in the s-CKD than in the n-CKD groups. SCr, blood urea nitrogen (BUN), and serum potassium were higher in the s-CKD than in the n-CKD groups. There were no differences in age, sex, body weight, etiology of liver cirrhosis, dose of diuretics (furosemide, spironolactone), proportions of patients receiving branched-chain amino acid (BCAA) supplementation, clinical stage of HCC, urine osmolality, and liver function (serum albumin, prothrombin time, total bilirubin) at the beginning of tolvaptan between the n-CKD and s-CKD groups.
According to the ADQI-IAC criteria, 28 (65.1%) patients had CKD (ADQI-IAC-CKD), and the remaining 15 (34.9%) did not have CKD (non-ADQI-IAC-CKD). Most of the ADQI-IAC-CKD patients were overlapped with the s-CKD patients and their baseline characteristics were similar (data not shown).
Efficacy of Tolvaptan
The mean ± standard error (SE) change in body weight from baseline to day 7 was − 2.0 ± 0.4 kg (range − 7.1 to + 4.8 kg; Fig. 1 ). A total of 27 patients (62.8%) had lost ≥ 1.5 kg on day 7; these patients were judged as responders. The other 16 patients (37.2%) were classified as nonresponders. Mean ± SE change in body weight from baseline to day 7 was not significantly different between the n-CKD and s-CKD groups (− 2.2 ± 0.4 vs. − 1.8 ± 0.8 kg; P = 0.596; Fig. 1 ). Urine volume increased significantly from baseline to days 1, 3, and 7 in both groups (Fig. 2) . The mean ± SE urine volumes in the s-CKD group were as follows: baseline, 766 ± 62 mL; day 1, 1416 ± 204 mL (P = 0.011); day 3, 1528 ± 256 mL (P = 0.022); and day 7, 1723 ± 252 mL (P = 0.004). Rates of response to tolvaptan were similar: 68% in the n-CKD group and 55.6% in the s-CKD group (P = 0.79). The incidence of re-exacerbation events such as hospitalization for intravenous administration of diuretics and albumin, ascites drainage, peritoneal-venous shunt, and cell-free and concentrated ascites reinfusion therapy (CART) was similar; 68.0% (17/25) in the n-CKD group and 61.1% (11/18) in the s-CKD group (P = 0.644). The period until re-exacerbation did not differ significantly: median of 175 days in the n-CKD group and 106 days in the s-CKD group (P = 0.367).
We also compared the response to tolvaptan based on the ADQI-IAC criteria. The mean ± SE change in body weight from baseline to day 7 was not significantly different between ), respectively. *P < 0.01 vs. baseline. eGFR estimated glomerular filtration rate, n-CKD nonsevere chronic kidney disease, s-CKD severe chronic kidney disease the non-ADQI-IAC-CKD and ADQI-IAC-CKD groups (− 2.3 ± 0.4 vs. − 1.8 ± 0.6 kg; P = 0.503). The response rate to tolvaptan was 60.0% (9/15) and 64.3% (18/28) in the non-ADQI-IAC-CKD and ADQI-IAC-CKD groups, respectively, showing no significant difference (P = 0.788). HRS type 2 was observed in six patients, of whom four (66.7%) were considered tolvaptan responders.
Predictors of Response to Tolvaptan
We assessed the variables associated with response to tolvaptan. The proportion of patients with HCC was significantly greater in non-responders than in responders (37.5% vs. 11.1%; P = 0.014). The numbers of stage I, II, III, and IV patients were zero, zero, one, and two, respectively, in responders, and zero, zero, four, and two, respectively, in non-responders (P = 0.093). As a previous treatment for HCC, two responders and three non-responders received radiofrequency ablation (P = 0.344) and three responders and six non-responders underwent super-selective transarterial chemoembolization (P = 0.058). The proportion of clinical stage of HCC and patients who had previous treatment did not differ significantly between responders and non-responders. The baseline serum sodium level was significantly higher in responders than in non-responders (138.0 vs. 133.0 mEq/L; P = 0.027). Although baseline urinary osmolality was not significantly different (429.0 vs. 378.0 mOsm/L; P = 0.456), the rate of decrease in urinary osmolality 4 h after tolvaptan administration was significantly greater in responders than in non-responders (44.6% vs. 16.1%; P = 0.008). The rate of decrease in urinary osmolality in 7 days was also significantly greater in responders than in non-responders (33.9% vs. 21.4%; P = 0.029). Baseline variables associated with renal function, such as SCr, BUN, eGFR, and CKD stage, were not significantly different between responders and non-responders. The proportion of patients receiving BCAA supplementation did not differ between responders and non-responders (66.7% vs. 75.0%; P = 0.57). Multivariate analysis revealed that two variables were significant independent predictors of response to tolvaptan: serum sodium level (odds ratio [OR] 1.179; 95% confidence interval [CI] 1.017-1.367; P = 0.029) and rate of decrease in urinary osmolality after 4 h (OR 1.077; 95% CI 1.023-1.134; P = 0.005; Table 2 ). The area under the concentration-time curve (AUC) and best cut-off value were 0.719 and 134.0 mEq/L, respectively, for serum sodium level, and 0.773% and 37.8%, respectively, for rate of decrease in urinary osmolality after 4 h.
Safety
Adverse events occurring during tolvaptan treatment were as follows: thirst, seven (16.3%); fatigue, three (7%); muscle cramps, one (2.3%); hypernatremia (> 145 mEq/L), one (2.3%); hepatic encephalopathy, one (2.3%); and variceal bleeding, one (2.3%). Incidences of adverse events were similar: 32% in the n-CKD group and 33.3% in the s-CKD group (P = 0.93; Table 3 ). Thirst, fatigue, muscle cramps, and hypernatremia were judged as grade 1-2, and hepatic encephalopathy and variceal bleeding were judged as grade 3. Tolvaptan did not affect eGFR even in the s-CKD group (27.3 ± 2.2 mL/min/1.73 m 2 at baseline vs. 26.6 ± 2.3 mL/min/1.73 m 2 on day 7; P = 0.9; Fig. 3 ).
Effect of Tolvaptan on Survival
During a median follow-up of 374 days, 30 patients (69.8%) died. Most of the causes of death were liver-related; 21 patients died of liver failure and six patients died of HCC. The cumulative survival rate was significantly higher in responders than in non-responders (P < 0.001; Fig. 4a ). However, the cumulative survival rate did not differ significantly between the n-CKD and s-CKD groups (P = 0.503; Fig. 4b ).
In the s-CKD group, responders obtained a better prognosis than non-responders with regard to survival in 90 and 180 days: 90% and 70% in responders versus 50% and 13% in non-responders, respectively (P = 0.006; Fig. 4c ). We summarized the baseline characteristics of the four groups classified by renal function and response to tolvaptan (Electronic Supplementary Material Table) . The baseline serum sodium level was significantly higher in the n-CKD/responders group than in the n-CKD/non-responders group (138.0 vs. 131.0 mEq/L; P < 0.001). In the s-CKD group, more non-responders had HCC, but the difference was not significant (P = 0.082). Other variables including BCAA supplementation did not differ significantly. In the analysis of non-ADQI-IAC-CKD and ADQI-IAC-CKD patients, similar results were obtained; the cumulative survival rate did not differ significantly between these two groups, and responders obtained a better prognosis than non-responders in the ADQI-IAC-CKD group (data not shown).
Discussion
Patients with liver cirrhosis often have renal impairment. Renal impairment is a poor prognostic factor [17] , and use of diuretics for fluid retention may further worsen renal function. Previously, the effectiveness of tolvaptan in patients with s-CKD has been unknown. In this study, we showed that tolvaptan effectively increased urine volume in ascitic patients with s-CKD without affecting renal function, with similar results in those with normal or mildly impaired renal function.
Unlike conventional diuretics, tolvaptan acts from the vascular side of the collecting ducts in the kidney, and its effect is not influenced by reduced glomerular filtration volume [18] . It was previously reported that tolvaptan increased urine volume in patients with chronic heart failure and s-CKD without reducing renal blood flow and eGFR [8, 9] . Conventional diuretics, such as loop diuretics, are apt to induce renal dysfunction, hepatic encephalopathy, and hyponatremia [19] . In decompensated cirrhosis with ascites, AKI may be induced by an increase in diuretic dose [20] . Repeated AKI gradually shifts to CKD, subsequently resulting in poor prognosis [21] . Therefore, avoiding AKI is critically important in the treatment of patients with cirrhosis and ascites. In this study, we demonstrated that tolvaptan was effective and safe in patients with ascites irrespective of renal function. We propose that tolvaptan should be used before renal function is impaired by prolonged and escalating doses of conventional diuretics. In addition, loop diuretics impair skeletal myoblast differentiation and exerciseinduced muscle hypertrophy [22] . Hanai et al. [23] recently showed that use of a higher dose of loop diuretics resulted in more rapid decrease of skeletal muscle mass and lower survival rate in patients with liver cirrhosis independent of severity of liver disease, suggesting the association of loop diuretics use with development of sarcopenia. Therefore, adding tolvaptan rather than increasing the dose of loop diuretics should be considered from the viewpoint of preventing sarcopenia progression.
Previously, several factors were reported as predictive of tolvaptan effectiveness in patients with liver cirrhosis. However, discussing the results is difficult because these studies adopted different definitions of response to tolvaptan. Recently, the Japanese Society of Gastroenterology proposed weight loss ≥ 1.5 kg/week as a definition of response to tolvaptan [12] . Using this criterion, we found that the serum sodium level and rate of decrease in urinary osmolality after 4 h were significant predictive factors for tolvaptan efficacy. Hyponatremia is associated with increased risk of mortality [24, 25] and occurrence of complications, such as hepatic encephalopathy, HRS, and spontaneous bacterial peritonitis, in patients with cirrhosis [26] . In this study, 30% of patients had hyponatremia (< 135 mEq/L) at baseline and those patients were less likely to respond to tolvaptan. Because hyponatremia is associated with unresponsiveness to tolvaptan as well as deterioration of liver disease, tolvaptan should be started before progression of hyponatremia. The rate of decrease in urinary osmolality after 4 h was another significant factor associated with tolvaptan effectiveness, which was reported in a previous study [27] . Urinary osmotic pressure reflects the osmotic pressure of the renal interstitium. Tolvaptan suppresses urea uptake from collecting ducts to the interstitium by the urea transporter via vasopressin V2 receptor inhibition, and decreases the interstitial osmotic pressure, leading to suppression of water reabsorption [18] . Thus, the reduction in urinary osmotic pressure indicates the effect of tolvaptan. Baseline urinary osmolality > 352 mOsm/L and rate of decrease in urinary osmolality > 26% at 4-6 h after tolvaptan administration were reported as significant predictors of good response in patients with decompensated heart failure [28] . Baseline urinary osmolality was not a predictor in our patients with liver cirrhosis, and the best cutoff value for the rate of decrease in urinary osmolality after 4 h was 37.8%. These differences may be derived from the differences in background diseases (i.e., heart failure vs. liver cirrhosis) and concomitantly administered diuretics.
Renal function has attracted attention as a factor related to tolvaptan efficacy. Although reports have indicated that serum BUN or SCr is related to efficacy [29] [30] [31] [32] , other reports stated that they could not be used as predictors [33] [34] [35] [36] , showing that there is no consensus. SCr levels may decline along with the decrease in skeletal muscle mass, which often occurs in liver cirrhosis. Thus, creatinine levels do not accurately reflect renal function in cirrhotic patients [37] . Moreover, as serum BUN levels increase due to liver dysfunction and malnutrition, they are not appropriate as a biomarker for renal function in liver cirrhosis [38] .
We also performed an analysis using the ADQI-IAC criteria that were recently proposed for renal evaluation in liver cirrhosis [13] . Results were similar to those obtained Fig. 4 Cumulative survival rates in patients with liver cirrhosis and ascites treated with tolvaptan. The log-rank test using the KaplanMeier method was adopted to compare cumulative survival rates between responders and non-responders (a); between the n-CKD and s-CKD group (b); and based on renal function (n-CKD or s-CKD) and response to tolvaptan (responders or non-responders) (c). The n-CKD and s-CKD groups were defined as patients with liver cirrhosis and n-CKD (eGFR ≥ 45 mL/min/1.73 m 2 ) and those with liver cirrhosis and s-CKD (eGFR < 45 mL/min/1.73 m 2 ), respectively. eGFR estimated glomerular filtration rate, n-CKD non-severe chronic kidney disease, s-CKD severe chronic kidney disease using the KDIGO criteria. In other words, tolvaptan efficacy was sustained in cirrhotic patients with and without CKD according to ADQI-IAC criteria. In addition, tolvaptan showed 66.7% (4/6) efficacy even in patients with HRS type 2. These results were in agreement with the study of Zhang et al. [39] ; according to their report, all of the seven ascitic patients complicated by HRS type 2 responded to tolvaptan with a urine volume increase to ≥ 500 mL/24 h and a decrease in waist circumference as well, whereas two HRS type 1 patients showed no improvement. Our study did not include any HRS type 1 cases.
As shown in Table 1 , the type 2 diabetes was more common in the s-CKD group. Moreover, many patients with s-CKD revealed proteinuria in the spot urine test, demonstrating the presence of diabetic nephropathy. Several reports state that tolvaptan is effective against diabetic nephropathy associated with fluid retention in CKD patients [40] [41] [42] . Tolvaptan acts on the collecting ducts, which are relatively preserved in ischemic renal diseases caused by diabetes, so the effects of tolvaptan are readily demonstrated.
In this study, we demonstrated that responders had better survival than non-responders, similar to previous studies [31, 32, 43] . Notably, this observation was true even for the patients with s-CKD. Furthermore, the prognosis of s-CKD patients was not poorer than that of n-CKD patients, an observation that is discordant with a previous study demonstrating that the prognosis of liver cirrhosis complicated by renal dysfunction was poor [44] . However, a couple of studies showed that baseline renal function was not associated with the prognosis of patients who were treated with tolvaptan [32, 45] . Treatment with this drug may lead to the dose reduction of other diuretic drugs such as furosemide and, consequently, prolong life expectancy via maintaining renal function in cirrhotic patients [46] . Furthermore, tolvaptan itself has a renoprotective action through improving kidney congestion [18, 47] . Therefore, tolvaptan may have an even better effect on patients with impaired renal function. This topic needs further investigation.
This study has some limitations: first, the number of patients was too small to confirm our conclusion. Second, this study is retrospective, and hence a selection bias may not be totally excluded. Therefore, further larger-scale prospective studies are needed to confirm our results.
Conclusion
In our study, we showed that tolvaptan significantly increased urine volume similarly in patients with s-CKD and with those without s-CKD without affecting renal function. As responders achieved a better prognosis, tolvaptan could be a good option for treating refractory ascites in patients with cirrhosis and s-CKD. These results warrant a largescale prospective study.
